In this study we provide up-to-date cradle-to-gate information on the environmental footprint of polylactic acid (PLA) produced in Thailand at commercial scale, covering emerging topics such as water footprint and direct land use change. The enormous potential to further reduce the environmental impacts of PLA through improvements in feedstock production as well as in the PLA manufacturing process is also demonstrated. Life cycle assessment (LCA) is performed according to the ISO 14040/44 standard methodology. The 16 environmental impact categories from ILCD 2011 Midpoint + were considered for the hotspot analysis. As primary data actual industrial data were used for the sugar production, lactic acid production (Corbion) and PLA production (Total Corbion PLA), including various recently developed process insights. The agricultural feedstock production and the manufacturing process of PLA from sugar contributed most to the LCA impacts of PLA production. The sugarcane crop production particularly affected the environmental impact categories analyzed, including global warming potential (GWP), water, eutrophication, acidification, particulate matter and, inevitably, land use. However, when combined with the results of a sustainability risk assessment study, it becomes clear that land use and water-related impacts represent a low risk for the feedstock-sourcing area. The environmental impact categories of PLA manufacturing are mostly linked to energy and chemicals usage. Improvements in the environmental performance of PLA can be achieved through improvements in the sugarcane farming practices, higher efficiency bagasse boilers at the sugarmill, reduced usage of auxiliary chemicals and increased usage of renewable energy in the conversion process of sugar to PLA. From a cradleto-gate perspective, considering the uptake of carbon dioxide in the PLA molecule, the GWP is 501 kg CO 2 eq/ton PLA.
Introduction
Biobased products are totally or partly derived from materials of biological origin, such as, crops, plants or other renewable agricultural, marine or forestry materials. These products, provide alternative material options to conventional petroleum-based materials by using renewable carbon as feedstock. Biobased products are a priority area for the EU because of their high potential for future growth and their sustainable nature facilitating the biobased economy [1] .
The use of renewable carbon feedstocks for chemical production has a clear link to reducing the risk of climate change and reduced dependency on fossil resources: during the production of these materials atmospheric CO 2 is absorbed by the plants [2] . This carbon is eventually released at the end of the product lifecycle, with a net neutral impact on the atmospheric CO 2 concentration. Therefore, when compared to fossil-based counterparts, biobased chemicals avoid the use of additional fossil carbon resources as feedstock. According to McGlade and Akins, globally, a third of oil reserves, half of the gas reserves and over 80 percent of current coal reserves should remain unused from 2010 to 2050 in order to meet the target of 2 °C global warming, compared to pre-industrial levels [3] . However, it should be noted that the production of biobased materials also requires energy (e.g., for the manufacturing process and transport), which could and should be of renewable sources to further reduce the fossil fuel dependency. When fossil-based resources are transformed into products, at the end of their life cycle additional CO 2 is released into the atmosphere, contributing to Global warming potential (GWP). The increasing market share of these products calls for a broader understanding of their implications at the economic, social and environmental level. The environmental performance these products are generally assessed by Life Cycle Assessment (LCA), a well established methodology that uses a holistic approach to identify trade-offs between impact categories and to avoid shifting burdens over the value chain.
Polylactic acid (PLA) is the most widely used commercial bio-based plastic with characteristics similar to polystyrene, polypropylene or polyethylene [4] . PLA has a growing range of applications depicting improved product functionalities over traditional polymers, for example reducing the printing temperature for 3D printing filaments and extending shelf life for fresh vegetables packaged in PLA film. In addition, PLA offers a wide range of end-of-life options: besides mechanical or chemical recycling and (renewable) energy recovery, it offers multiple end-of-life options related to its inherent biodegradability; PLA can be industrially composted or anaerobically digested. In many applications where recycling is a challenge, options such as composting or anaerobic digestion can help to divert organic waste from landfill or incineration. These end-of-life options contribute to circularity through carbon and mineral nutrient recycling, by the application of compost in agriculture soils. In general, managing materials and products for the circular economy requires systemic approaches, including the eco-design to retain resources at highest value for as long as possible through cascading biomass use, re-using and recycling [5] .
PLA can be produced from many carbon feedstocks, sourced from various geographic regions through a wide range of technologies, with distinct efficiencies and performances. Regionality and specificity of biobased products are very strong because of the dependency on regional agriculture feedstocks and the maturity of the technologies applied [2, 6] . It is recognized that there are challenges and knowledge gaps related to the environmental impacts of bio-based chemicals. Bridging these gaps can provide relevant information for academic researchers, brand owners and policy makers on the potential environmental impacts of biobased plastics, recognized as building blocks of the bio-economy and circular economy.
Total Corbion PLA produces PLA in Thailand with the commercial name of Luminy, using lactic acid produced by Corbion. Corbion predominantly uses the highest yielding feedstocks regionally available. In the case of Thailand, the main feedstock is sugarcane but, in time of shortage, the plant can run on alternative feedstocks such as cassava starch. The sugar feedstocks are converted to lactic acid through a fermentation process. Total Corbion PLA, located on the same site, converts the lactic acid into lactide and PLA in a recently constructed 75 kta PLA polymerization plant.
There are a few published cradle-to-gate LCA studies of PLA based on industrial production processes, the most recent ones being [7, 8] . The study from Vink and Davies [7] is based on a different feedstock and technology and therefore not representative of Total Corbion PLA production. The study of Groot and Borén [8] , was based on the design data from 2008 therefore not reflecting completely the currently operating process.
This paper aims at addressing these knowledge gaps by providing cradle-to-gate information on the environmental footprint of PLA produced in Thailand at commercial scale, thus updating the study performed by Groot and Borén [8] when the plants were still in the design phase. The current study uses the latest life cycle inventory (LCI) data and is based on the current industrial production process of lactic acid and the latest design data of the Total Corbion PLA plant. The secondary data collection uses state-of-the-art databases and improved knowledge of the overall value chain. In addition to the improvement of LCI data quality, the environmental impact categories assessed are based on newer methodologies (ILCD 2011 +) thoroughly interpreted with new insights over the upstream processes, including newer topics such as water scarcity (WS) footprint and direct land use change (DLUC). The first step of this assessment aims at identifying the most relevant impact categories. For these impact categories, a contribution analysis is carried out to identify potential improvements and knowledge gaps.
Biobased chemicals, including PLA, are still relatively new at industrial scale, therefore making use of less mature technologies than their fossil-based counterpart. For the same reason, these processes have a large improvement and optimization potential. The second part of the article aims at exploring the impact of foreseen supply chain and process improvement measures.
Materials and Methods
This LCA study is performed according to the standard methodology described in the ISO 14040 series by the International Organization of Standardization (ISO) [9, 10] . The LCA methodology is structured into four main steps: goal and scope definition, inventory analysis, impact assessment, and interpretation. This study is based on the third-party peer-reviewed cradle-to-gate LCA of lactic acid and lactide [11] and follows the LCA approach for Corbion's product portfolio [12] for the conversion of lactide to PLA. The EU Product Environmental Footprint (PEF) framework is used to provide guidance on methodological decisions which are still open to the practitioner choice in the ISO standard e.g., [13] [14] [15] [16] .
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The LCA model was created using the SimaPro Developer software version 8.4.0 developed by PRé Consultants.
Goal and Scope Definition
This LCA study aims at (1) quantifying the environmental footprint of PLA produced at Total Corbion PLA site in Rayong, Thailand, (2) identifying the critical environmental aspects in the PLA production chain to facilitate systems optimization towards lower overall impacts, and (3) analysis of the environmental impacts of foreseen improvements in the supply chain and PLA production process. The entire value chain is considered, including the growing of sugarcane, the impacts of raw sugar production, the subsequent production of lactic acid from raw sugar by Corbion and the conversion of lactic acid to lactide and PLA by Total Corbion PLA. Because PLA is an intermediate used in product formulations by third parties, the system boundaries are cradle-to-gate.
Process Description
The production of PLA has four main stages: (1) sugarcane production and transport to sugar mill; (2) sugarcane conversion into raw sugar; (3) fermentation of raw sugar from sugarcane to produce lactic acid by Corbion and (4) conversion of lactic acid into lactide and PLA by Total Corbion PLA. The diagram representing the production of PLA is given in Fig. 1 .
Sugarcane
In Thailand, sugarcane is cultivated in 47 provinces and covers about 8% of the total arable agricultural land [17] . General sugarcane cultivation practice includes land preparation, planting, maintenance and harvesting stages. In the planting stage, fertilizers are required. Most farms use chemical fertilizers; some use both chemical and biofertilizers. In some farms close to the sugar mill, filter cake from the sugar mill is used as a soil conditioner before planting. Through this practice carbon and mineral resources are recycled and crop yields are improved [18] . Most cane-growing areas are rain-fed (only 10% are planted in irrigated zones), especially in the Northeastern and Central regions where the major cane growing areas are found. Weeding and pesticide are the general practices in crop maintenance [19] [20] [21] . Most sugarcane farms are small (52%) and medium (31%) size farms, with an annual production capacity from about 1000 to 2000 tons respectively. The small size of the plantations hinders widespread mechanical harvesting. Harvesting takes place annually and is therefore mostly manual (90%). Farmers still practice burning, because pre-harvest burning eases manual harvesting. In other cases, sugarcane is manually harvested green and the cane residues (tops and leaves) in the fields are burnt after harvesting, to quickly remove these residues from the fields [17, 19, 20] . According to the office of cane and sugar board of Thailand, in 2012 about 60% of sugarcane residues were burnt in the open field [17] . Corbion's main supplier of sugar has a target to reduce cane burning to 30% in 2020. Burning is not desirable because it reduces sugar yields, releases a number of air pollutants and impacts the soil quality. Sugar mills reward "green cane" harvesting through several incentives including the payment of a premium. During the harvesting period, sugarcane is transported to the sugar mill and is processed immediately.
Sugar Mill
In the sugar mill, the cane is crushed to extract cane juice. Bagasse, the fibrous material that remains after crushing, is burned to produce electricity and heat. The energy produced is used within the mill and is enough to meet the process requirements. In many cases, there is an excess electricity production which is sold to the grid.
The cane juice is clarified using heat and small amounts of chemicals used to adjust the pH and prevent the inversion of sucrose. The heavy precipitate that is formed is separated from the juice by filtration. The filter cake is mainly used as a soil conditioner [22] . The clarified juice is evaporated, crystallized, and centrifuged to produced raw sugar and molasses. Molasses are used to produce molasses-based ethanol, which is used as transportation fuel in Thailand.
Lactic Acid
Corbion produces lactic acid through the fermentation of cane sugar. The pH of the fermentation is controlled using lime resulting in the formation of calcium lactate. Nutrients are added to aid the fermentation. The fermentation broth is concentrated and calcium lactate is acidulated with sulfuric acid (H 2 SO 4 ) to recover crude lactic acid. This step also results in the precipitation of gypsum (CaSO 4 ), a by-product of the lactic acid process which is removed by filtration.
The final step is the lactic acid purification which removes various impurities. This separation results in another byproduct, stillage. Stillage has multiple applications such as animal feed, biogas production, and bio-fuel.
Lactide and PLA
PLA is produced by Total Corbion PLA through the polymerization of lactide, which is produced from purified lactic 1 3 acid. After the polymerization is complete, any remaining lactide monomer is removed and recycled within the PLA production process. To produce PLA pellets, the polymer is further purified. The main input for these manufacturing steps is energy.
Multi-functionality
PLA production has multiple by-products, as identified in Fig. 1 , which are considered in the LCA model taking the multi-functionality hierarchy described in [10, 23] . The primary data is already divided by products whenever Fig. 1 Simplified flow diagram for the manufacture of PLA. The dotted line represents the system boundary. The wastewater treatment plant is included in the system boundaries. The primary inputs listed on the left side of the flows diagrams. All emissions are listed on the right side subdivision is possible. Therefore, following the ISO hierarchy system expansion is the preferred approach, applied whenever the substituted product is identifiable. Table 1 summarizes the current utilization of Corbion and Total Corbion PLA by-products and the modelling assumptions. System expansion is applied to all by-products except the share of stillage that is used for animal feed. The byproduct stillage contains a mixture of lactic acid, carbohydrates and proteins. In addition to the nutritional value, lactic acid in the product has benefits for animal health. Because of this composition, stillage has unique functionalities that do not truly replace a known material or chemical. For this reason, economic allocation is applied to the stillage by-product.
Environmental Impact Categories
The 16 environmental impact categories from ILCD 2011 Midpoint + are considered for the hotspot analysis. Additionally, because of its widespread use, Cumulative energy demand v1.09 is included in the assessment. The methods are applied as implemented in SimaPro 8.4.
Normalization and weighting are two optional elements of LCIA (Life cycle impact assessment), used in this study to identify the most relevant impact categories. The ISO 14044 standard defines normalization as the "calculation of the magnitude of the impact indicator results relative to reference information" and weighting as the "conversion and possible aggregation of indicator results across impact categories using numerical factors based on value-choices". According to PEF (Product Environmental Footprint) draft methodology, the most relevant impact categories are those cumulatively contributing to at least 80% of the total environmental impact, [14, 26] , starting from the largest to smallest contributions. In the current study, normalization is calculated using the normalization factors per person for the EU 27 from 2010 and equal weighting among categories [26] . Following this recommendation, the toxicity related impact categories are excluded from the hotspot analysis [13, 14, 26] . Interpretation of LCIA results and process hotspot analysis is performed using the characterization results before normalization and weighting.
Carbon Storage in Biobased Products
When accounting for biogenic carbon in biobased materials, two principal approaches can be used [27] :
(1) Biogenic carbon is accounted for as carbon storage, thus considering that CO 2 is captured from the atmosphere during photosynthesis and retained within the bio-based material (cradle to gate LCA). (2) Biogenic carbon is considered to be CO 2 neutral and excluded from the inventory analysis at the end of life phase (cradle to grave LCA).
Because of the scope of this study is cradle-to-gate approach (1) is followed, as recommended for biobased chemicals [23, 27] . The CO 2 uptake from the atmosphere, calculated using the biomaterial storage approach [27] is 1.833 kg CO 2 /kg PLA. It is important to note that this storage is reversible and adds carbon emissions in the future, when the product is incinerated or biologically degraded at its end-of-life.
Life Cycle Inventory (LCI)
The following primary data were collected, with reference to 2016: Recycled: agriculture (56%) and construction (44%) Mined gypsum/replacement on dry mass basis stillage Fuel in cement kiln (30%) and animal feed and biogas application (70%)
Heat from coal/based on heating value Economic allocation (market price) PLA Lactide recycle Reused in the lactide or lactic acid production process Secondary data is based on public databases (Ecoinvent v3.3, allocation default), adapted to the Thai situation whenever better-quality data is available. The agriculture process of growing sugar cane is based on Agri-footprint V2.0 'Sugar cane, at farm/TH Economic' modified according to Table 2 .
Direct land use change (DLUC) refers to the transformation from the original use of land (e.g., forest, grassland, annual crop etc.) to sugarcane plantations. Depending on the previous use of the land in question, the land change can unlock some of the carbon in existing soil and vegetation. DLUC is included in the calculation. In 2017 GRAS GmbH conducted a sustainability risk analysis for Corbion. This study is based on high-resolution satellite images and enhanced vegetation index (EVI) time series analysis, with focus on LUC, protected areas and carbon stock covering the plantations around the key Corbion sugar supplier (50 km radius). According to this study, in the area assessed the percentage of land converted to cropland is very low: < 0.057% from forest, 0.005% from shrubland and 0.015% from tree plantations [28] . For the remaining sugar supply, the Thai weighted average DLUC is used, based on agricultural statistics between 1992-2011 which estimate an expansion area to sugarcane crop of 25%. This expansion occurs due to the conversion of forest (13%), perennial crops (1%) and annual crops (11.8%) [29] .
The second component of land use change is indirect land use change (iLUC), which covers secondary effects induced by large-scale expansion. The displacement of existing crops potentially leads to the expansion of cropland elsewhere. iLCU impacts are out of the scope of the current study because the methodologies for iLUC calculation rely on assumptions that strongly affect the results while still lacking scientific consensus [33] [34] [35] . The GHG emissions from iLUC can have a significant impact on the GWP of bio-based plastics, as shown in studies for biofuels using similar carbohydrate feedstocks, which are not captured in this study [36, 37, 30] .
Natural gas is used to produce the heat required for the various conversion steps of sugar to PLA. Ecoinvent 3.3 is used as LCI input for the emissions related to natural gas production and combustion and for the Thai electricity grid mix. The same database is used for datasets related to the production of chemicals (including lime and sulfuric acid) again adapted to Thailand for the inputs of electricity, heat and water.
Results and Discussion
The LCIA results for the 8 most relevant impact categories are shown in Table 3 :
-Global warming potential (GWP), water depletion (WS), marine and terrestrial eutrophication potential (EP), acidification potential (AP) and particulate matter (PM) were selected based on their relative contribution of the normalized and weighted results. Together, these five categories cumulatively contribute to more than 80% of the environmental impact. -The inclusion of three additional impact categories, land use (LU) and cumulative energy demand (CED), split in renewable and non-renewable energy use, is justified by their relevance to the debate over the environmental sustainability of biobased chemicals. The next sections focus on the hotspot analysis and interpretation of these 8 impact categories, summarized in Table 4 .
Global Warming Potential (GWP)
From a cradle-to-gate perspective, considering the uptake of carbon dioxide in the PLA molecule, the GWP is 501 kg CO 2 eq/ton PLA. Figure 2 and Table 4 show the breakdown of the contributions of the different production stages to the total GWP of PLA.
The starting point for the GWP of PLA was the CO 2 uptake from the atmosphere by the growing sugarcane. The amount of CO 2 fixated in the PLA material was 1833 kg CO 2 / ton PLA, according to the biomaterial storage approach. In cradle-to-grave assessments, this CO 2 must be included in . 2 Contribution of the different production stages to the total GWP of PLA, starting with CO 2 uptake during sugarcane growth up to, and including, PLA pellets production the footprint as it will be released at the end-of-life of the product.
The GHG emissions related to the sugarcane production were mainly due to N 2 O emissions resulting from the application of nitrogen fertilizers and crop residues (42%) and to DLUC (30%). The remaining 28% of the sugarcane production emissions comprised all other farming activities such as fuel for agricultural machinery, production of fertilizers and GHG emissions from burning of sugarcane residues on the field. N 2 O emissions directly or indirectly originating from fertilizer application have a large degree of uncertainty: the amount of fertilizers used in the inventory is based on proxy data and, in general, the agricultural emissions are extremely difficult to measure or to calculate with precision [33] . Recent literature studies have collected data from specific Thai sugarcane plantations, showing that the amount, type and application frequency of fertilizers varies significantly from plantation to plantation [19, 20] . Such variability is likely to apply to the Corbion supply chain as well, meaning that the high uncertainty on the NO 2 emissions should be considered when interpreting the results. The net impacts of the sugar mill resulted in a negative GWP because the credits from the by-products outweigh the small amounts of chemicals and energy consumed to make the raw sugar. The steam and electricity used in the mill are co-generated from bagasse. The by-products, electricity, molasses and filter cake, are used to avoid the production of electricity, gasoline and soil conditioners. Electricity was by far the most important by-product in terms of contribution to GWP.
The biggest contributor to the GWP of PLA was the lactic acid step. These GHG emissions were largely related to the consumption of energy, which accounts for 40% of the total emissions. The chemicals used during lactic acid production had the following contributions: lime 34%, sulfuric acid 6% and other chemicals 9%. The large impacts of lime are related to the direct CO 2 emissions during limestone calcination and fuel combustion in the kiln. Transport of raw materials to the Corbion site accounted for 13% of the emissions. The by-products generated, gypsum, biomass and stillage, were valorized and had a small negative contribution (− 2%).
Lactic acid, is an important intermediate product used for PLA production ( Fig. 1 ) but also can also be used as ingredient for other applications. The total cradle-to-Corbion plant gate GWP of lactic acid was − 224 kg CO 2 eq/ton including all inputs and outputs from farm to lactic acid final product. 1 Fig. 3 Contribution analysis to water consumption for the production of PLA The GHG emissions from the lactide and PLA production steps were mainly related to natural gas and electricity consumed by the plant. Figure 3 shows the freshwater consumption 2 required for PLA production, which is dominated by the irrigation water. The water consumption for irrigation included in the LCI is 10% of average theoretical requirement based on the crop evapotranspiration rate and the rainfall in Thailand [30] , because Thai cane areas are primarily rain fed and only about 10% of sugarcane cultivation area is irrigated [17, 39] .
Water Consumption and Water Depletion
The water consumption in the sugar mill is low because the treated water effluent from the mill is returned and reused to irrigate the nearby farms. In PLA production the most water intensive step is the lactic acid fermentation. This water is supplied by the industrial complex reservoirs which collect rainwater. Most of the water is recovered in the purification process and re-used or discharged for the wastewater treatment. The water consumption includes only water evaporation in the cooling towers and water in by-products.
Water scarcity (WS) 3 is increasingly considered to be an important impact category for environmental footprints and agriculture is the most water consuming sector [33] . However, the LCIA methods for water scarcity have a low maturity level compared to other impact categories, with a significant number of recent publications proposing new models in recent years. Meaningful impact results for water scarcity require specific water consumption data and spatially differentiated characterization factors.
For the identification of the most relevant impact categories, the method 'Water depletion' was used, along with the normalization factors from ILCD 2011 Midpoint +, as implemented in SimaPro 8.4. Water depletion refers to freshwater consumption in relation to local scarcity of water [15] .
However, recent publications by the PEF commission recommend the replacement of the Water depletion method by AWARE (Available WAter REmaining) [14] . AWARE is a water use midpoint indicator representing the relative available water remaining per area in a watershed after the demand of humans and aquatic ecosystems has been met. It assesses the potential of water deprivation, to either humans or ecosystems, building on the assumption that the less water remaining available per area, the more likely another user will be deprived [41] . The water scarcity indicator calculated with these two methods is: -Water depletion: 36.01 m 3 eq/ton PLA.
-AWARE: 786 m 3 eq/ton PLA.
The magnitude of the difference between the values reflects the different theoretical background for the LCIA models applied and cannot be directly compared. The different contributions to the overall value follow the same distribution as the water consumption volumes shown in Fig. 3 .
The LCA characterization factors used for both water scarcity characterization methods are country-specific. While this is a good first estimate, a more detailed analysis at basin level is recommended [33] . For this reason, the baseline water stress was checked for the cultivation areas around the sugar mills, using a water risk assessment tool [42] . The baseline water stress measures the ratio of total annual water withdrawals to total available annual renewable supply, accounting for upstream consumptive use. Figure 4 shows the water stress map of Thailand indicating the location of two main Corbion sugar suppliers and the Corbion and Total Corbion PLA manufacturing sites. The sugar plantations of the North-East region and the PLA manufacturing site are in low water stress regions. The plantations in the central region are in a low/medium water stress area, which is also the regions with lower water requirement [30] .
Eutrophication Potential (EP)
Aquatic eutrophication is defined as nutrient enrichment of the aquatic environment. It is subdivided into two different impact categories: marine eutrophication, which considers the nitrogen enrichment of seawater and freshwater, and freshwater eutrophication, which includes only phosphor enrichment of freshwater [43] . Terrestrial eutrophication, on the other hand, is a consequence of deposition of aerial nitrogen compounds such as NO x and NH 3 on terrestrial ecosystems, also resulting in increased nutrient availability. Table 4 shows the contribution of the different production stages to the marine eutrophication and terrestrial eutrophication of PLA. Sugarcane production accounts for 76% of the impact on marine eutrophication and 50% of terrestrial eutrophication, driven by the fertilizer and manure use. The uncertainty on the amount of fertilizer used is related to inventory data quality and emission model, in a similar way to what was discussed for the impact of N 2 O emissions on GWP.
In the remaining stages, the impacts on eutrophication were largely related to the lactic acid production, more specifically to the wastewater emissions of nitrogen containing compounds to water and air. The additional inputs adding up to terrestrial eutrophication are the NO x emissions to air from combustion processes in general: transport, electricity production and production of the chemicals used in the process such as lime and sulfuric acid.
Acidification Potential
Acidification is mainly caused by air emissions of NH 3 , NO 2 and SO X which, when deposited in the soil, cause a change in its acidity. Most ecosystems have an optimal acidity and a deviation from those conditions is harmful.
According to Table 4 , the largest impact on acidification was the lactic acid production stage, driven by sulfur dioxide and nitrogen oxides emissions. These emissions to air occur during the production of the chemicals used in this manufacturing step (mainly sulfuric acid) as well as during the transport of raw materials and energy generation for the process (both electricity and natural gas). The second most relevant process was the sugarcane production. Similarly to terrestrial eutrophication, the acidification potential is caused by ammonia and nitrogen oxide emissions derived from fertilizer and manure application.
Particulate Matter (PM)
The impact category of particulate matter/respiratory inorganics is a measure of the intake fraction for fine particles which negatively affect human health. The RiskPoll model includes the assessment of primary PM (PM10 and PM2.5) and PM precursors-for example, the creation of secondary PM due to SO x , NO x and NH 3 emissions, and CO [16] . Table 4 shows that most of the emissions were related to the upstream production of sugar and sulfuric acid. The main contributing processes were: (i) emissions of SO x and particulates from sulfuric acid production which is used in the lactic acid production (17%), (ii) particulate emissions from open burning of cane fields (17%) and (iii) bagasse combustion in the sugar mill (22%). The additional emissions were spread throughout the process, due to related combustion processes including transport, as well as steam and electricity production.
Land Use
Land is required to produce bio-based materials as well as to produce food, feed and biofuels. Land use is an important topic for biobased materials, as land use and changes in land use can lead to unintended environmental impacts; by Fig. 4 Baseline water stress map in Thailand adapted from WRI aqueduct water risk atlas [42] . Higher values indicate a higher water stress. The map shows the location of two sugar mills and the Corbion and Total Corbion PLA manufacturing site in Rayong definition, the production of biobased materials require more land area than the fossil-based counterparts.
Land use depends on many factors such as: crop type, average local and regional yields, the allocation procedure used to account for the multiple crop products, the percentage of fermentable sugars in the crop and the efficiency of recovery of these sugars along with the efficiency of the conversion steps to PLA. The land occupation 4 required to produce 1 ton of PLA from Total Corbion PLA is 1775 m 2 per year.
Annual Thai sugarcane production is about 100,000,000 ton, with an average yield of 0.10473 ton sugar/ton sugarcane [17, 32] , which results in about 10,470,000 ton/year of raw sugar. Total Corbion PLA utilizes a maximum of 150,000 tons of raw sugar annually, representing around 1.4% of the Thai sugar production. Thailand has about 16,500,000 ha of arable land of which about 8% is used for sugarcane production (average data 2011-2014) [32] . Therefore, the raw sugar used annually by Corbion for the production of PLA at Total Corbion PLA requires an estimated 20,000 ha or 0.12% of the Thai available arable land.
The inherent limitation of using the occupied surface area, without any further characterization, is that the different land types and associated environmental impacts are not considered. One step further is to include a characterization model based on changes in soil organic matter (SOM) as recommended by ILCD [16] . According to this model, the land use of PLA is 17,444 kg C deficit/ton PLA. This model is still interim, not including relevant impacts related to land use such as biodiversity.
Another way to assess biodiversity or deforestation risks is through satellite imaging of the plantations and overlapping the plantation areas with biodiversity protected areas. The 2017 GRAS GmbH sustainability risk assessment for Corbion's main sugar supplier did not identify significant land transformation to sugar plantations in high carbon stock or high conservation value protected areas.
Corbion continuously seeks for the most sustainable sugar sources. In addition to complying with the Corbion Cane Sugar Code, Corbion requires all its cane sugar suppliers to become members of Bonsucro 5 and expects them to work towards implementation of the Bonsucro Production Standard. Since 2017, Total Corbion PLA offers PLA bioplastic resin made from Bonsucro certified sugar.
Cumulative Energy Demand (CED)
The CED of a product represents the direct and indirect energy use throughout the life cycle, including the energy consumed during the extraction, manufacturing and disposal of the raw and auxiliary materials. The method used is based on upper heating values. It is subdivided into renewable energy use (REU) and non-renewable energy use (NREU). Table 4 shows the NREU and REU of PLA production. REU was mainly related to the energy content of sugarcane which ends up as sugar for PLA but also as bagasse used as an energy source in the sugar mill. The other renewable energy entries were linked to electricity production using renewable resources. At the sugar mill, the NREU was negative because of the electricity exported to the Thai grid, which uses more than 90% non-renewable sources in its mix (1) . At the Corbion and Total Corbion PLA manufacturing steps, most of the NREU was for lactic acid followed by lactide and PLA. These steps consumed fossil energy as heat and electricity (61%). In addition, there is indirect energy consumption for the production of chemicals used for lactic acid (30%) and transportation of raw materials (9%).
Sensitivity Analysis
Based on the results discussion and modelling assumptions, a sensitivity analysis was performed covering the allocation of by-products and inputs with high uncertainty such sugar cane production (total impact, irrigation water and DLUC) and lime productions. The sensitivity ranges and results are summarized in Table 5 showing that the allocation approach for by-products has a low impact, except for molasses.
The assumptions related to sugarcane are critical for most of the impact categories. The sensitivity analysis covered the following parameters: (1) total impacts of sugarcane production, arbitrarily varied in the range − 20% to 20% (2) amount of irrigation water used for sugarcane, based on the theoretical water requirement of the crop in Thailand [30] and no irrigation and (3) Direct land use change varied between zero and the Thai average for sugarcane [29] . The impact on water scarcity is most sensitive to irrigation water and GWP is most sensitive to DLUC.
The impacts of lime production are varied in arbitrary range of − 20% to + 20% to understand the impact of production process variations such as type of fuel used in the kiln. The results show a moderate impact on GWP.
Future Scenarios
The growth of the biobased polymers market, and PLA in particular, is stimulating manufacturers towards economic and environmental optimization, as part of business development strategies. While fossil-based polymers started to be widely commercialized in the 1950s, biobased polymers were developed decades later, and as consequence are still making use of less mature technologies. Undoubtedly, along with the growth of the PLA market, optimizations can be foreseen through the implementation of innovative technologies covering the full value chain. The future scenarios are an exploratory analysis, based on various assumptions and expectations about the future. They reflect possible modifications to the production system that may or may not be implemented by Corbion and/or Total Corbion PLA and/or their supply chain partners.
Starting with the feedstock production, multiple improvements can be envisaged either by continuing using the same sugar crop or new carbon sources. As part of the sustainable sourcing initiative, Corbion works together with its sugar suppliers towards the implementation of the Bonsucro standard. The Bonsucro Production Standard covers the following 5 key principles: obey the law, respect human rights and labor standards, manage input, production and processing efficiencies to enhance sustainability, actively manage biodiversity and ecosystem services and lastly, continuously improve key areas of the social, environmental and economic sustainability [45] .
Comparing the Bonsucro production standard with the LCI of sugar in Thailand used in this study, the following improvements can be expected at the farm level: a. Increased yield of sugarcane above 80 ton/ha. For the sourcing areas, the Bonsucro standard sets a minimum yield [45] , adapted to the climate zone under which cane is grown, which is higher than the current input data. b. Reduced agricultural emissions with impact on acidification to meet the Bonsucro standard requirement of < 0.15 kg SO 4 /sugarcane and 6 kg SO 4 /ton sugar. This is mainly driven by ammonia emissions from manure and nitrogen fertilizers, suggesting that the usage of these fertilizers should decrease to meet the standard requirements. The use of lower amounts of N and P has a positive impact on the reduction of eutrophication and acidification, and, indirectly on GWP because of N 2 O emissions.
Bonsucro principles also prevent the cultivation of sugarcane in areas of high conservation value or legally protected 6 areas of high biodiversity value and high carbon stock or peatlands after 2018. This includes primary forests, nature protected areas, wetlands. Even though the demand for sugarcane is increasing, through sustainable Table 5 Sensitivity analysis summary including the parameters considered, their variation range and the results for impact categories with a variation larger than 10% Low impact is defined as less than 10% difference for all impact categories [23] Parameter
Description and variation range Sensitivity analysis outcome Sugarcane production Overall Impact of sugarcane production varied in the range − 20% to + 20% GWP: − 1 to 3% Water footprint: − 7% to + 23% Marine EP: − 16% to 12% Terrestrial EP: − 10% to + 12% Land use: − 16% to + 18% Sugarcane production-irrigation water Range 0-2595 m 3 /ha. The maximum value is the theoretical water requirement of the crop in Thailand [30] Water footprint: − 77% to + 742%
Sugarcane production-DLUC Range 0-1668 kg CO 2 eq/ha; maximum DLUC is the weighted average calculated by [29] GWP: − 5% to +12% Sugar mill by-products Economic allocation is used as an alternative for the by-products bagasse, molasses and filter cake
Molasses show the highest sensitivity: PM decreases by 14% and NREU increases 12% with economic allocation Lime production Overall impact of lime production varied in the range − 20% to + 20% GWP: − 4% to + 10%
PLA manufacturing by-products Economic allocation is used as an alternative for the by-products gypsum, stillage, biomass and recycled streams from lactide synthesis and polymerization Low impact sourcing the biodiversity and GHG emissions linked to land use change should have a limited impact. At the mill, the consumption of energy is expected to decrease, to meet Bonsucro principles. We can expect that at lower energy use in the mill, with the same bagasse boilers, the electricity surplus will increase and more energy will be exported to the grid. Modern sugar mills with efficient cogeneration system installations generate electrical energy in the range of 115-120 kWh/ton sugarcane [46, 47] Based on this analysis, and the relevant impact categories analysis in this study, the future scenarios on sugar production cover:
• Sugarcane yield of 110 ton/ha, reaching the genetic potential range of 94-112 ton/ha [30] . Achieving such high yields requires measures to improve soil quality by using organic fertilizers and good practices in land preparation, plantation, harvesting and regular weed control as well as efficient irrigation techniques such as drip irrigation. Also, the use of high yield, drought resistant sugarcane varieties can also contribute to reducing the environmental footprint of sugarcane cultivation systems [17, 30] ; • Mechanical harvesting and no cane burning. Identified as sustainability requirement [17] ;
• The increased amount of electricity exported to the grid to the hypothetical value of 100 kWh/ton cane. This can be attained by two concomitant ways:
-Increasing the energy efficiency of the plant, therefore increasing the energy surplus. This is a requirement for Bonsucro sugar certified, as mentioned above. -Installing high pressure boilers with high energy efficiency. In the recent years, the co-generation by sugar mills in Thailand has developed to become a strategic part of the business. The new boilers installed are more efficient, meaning that when older boilers are replaced or there is a capacity increase the amount of electricity exported is also expected to increase. Figure 5 shows the results of these scenarios on GWP, demonstrating that the electricity export has the largest positive impact. Mechanical harvesting results in higher diesel consumption at the farms, therefore resulting in a negative impact on GWP but reducing the particulate matter emissions by 14%. Indirectly, mechanical harvesting is an enabler to maintain the soil quality and achieve higher sugar yields. If the sugarcane yields approach the maximum of 110 ton/ ha, the following reductions can be attained: land use 26%, water consumption 24%, marine eutrophication 24%, terrestrial eutrophication 14% and GWP 5%. Given the significant impact on several impact categories, actions towards yield improvement are recommended.
The conversion stage of sugar to PLA also offers opportunities for improvement. Through the contribution analysis, two key aspects were identified: the consumption of energy and the production of chemicals used for the lactic acid process ( Fig. 2 and Table 4 ). Corbion and Total Corbion PLA both continuously work to improve their resource efficiency. One of the expected future developments is that electricity will be sourced from renewables due to Corbion's target to source 100% renewable electricity by 2030. The second expected development is the implementation of a gypsumfree technology for lactic acid, thereby diminishing the consumption of major chemicals. The gypsum-free process can be achieved using different microorganism that can produce lactic acid at low pH or through changes in the overall process such as, for example, by applying electrodialysis and/or membrane-based separations [48] . Despite the high potential of these alternative processes they require large modifications in the manufacturing facilities and are likely to be implemented only in new plants. The use of renewable energy has a significant impact (> 10% reduction) on GWP and NREU while the gypsum-free process also reduces particulate matter and acidification.
Currently, sugar-based feedstocks are the most efficient and sustainable crops; sugarcane is recognized as the most efficient bioenergy crop of the tropical and subtropical regions [47, 49] . However, R&D teams continue to work on new production processes for biochemicals and biobased plastics made from agricultural waste and other non-food feedstocks. The use of these feedstocks can potentially decrease the farm related impacts such as GWP, eutrophication and water consumption. In the longer run, the production of lactic acid directly from CO 2 (e.g., algae or electrochemical conversion) can potentially provide alternatives to current dependence on agriculture feedstocks, thereby reducing the related environmental impacts, including land use.
Comparison with Groot and Borén (2010)
The results discussed so far build on the previous study from Groot and Borén [8] , providing an updated environmental footprint of PLA produced in Thailand from sugarcane at commercial scale, by Total Corbion PLA. Besides the LCI data differences summarized in Table 6 , both LCIA studies use different characterization methods that cannot be directly compared, except for GWP 7 and land use.
The overall GWP calculated by the two studies (500 kg CO 2 eq/ton PLA) and the contribution of the different stages remains very similar: the increase in the GWP in sugar production (DLUC and improved mill modelling) is compensated by a lower impact of chemicals and energy (improved efficiency and differences in the Thai grid mix). Land use (m 2 /ton PLA) is 15% lower in the current study because of the improved yield of sugarcane crop compared to 2007. Both studies confirm that the largest contributions to land use and PM are in the sugar production phase, while for AP the most relevant process is sulfuric acid production For the remaining impact categories, a comparison cannot be made due to difference in the impact methods and inventory data available.
Data Quality Assessment
Inventory data quality is judged by its precision, completeness, consistency and representativeness (geographical, temporal, and technological). To cover these requirements and to ensure reliable results, first-hand industry data in combination with background LCI information from Ecoinvent V3.3 allocation default and Agri-footprint V2.0 datasets.
As the majority of the relevant primary data are measured data or calculated based on primary information sources, either measured or calculated, of the owner of the technology (with reference to 2016) precision, completeness and Table 6 Main differences in LCI and multi-functionality modelling approach between Groot and Boren [8] and the current study Groot and Borén [8] Current study representativeness is high. No relevant and available data were knowingly omitted. All processes are included, with a cut-off lower than 2%, based on material an energy flows. The data quality assessment of secondary data is summarized in Table 7 . The agricultural emissions to air, soil and water are based on qualified estimations based on models for the same or similar regions. The methodology was applied consistently to all the components of the analysis. Overall, we consider the quality of the data used sufficient to fulfil the goal and scope of this study.
Conclusions
This LCA study provides a detailed and updated description (where possible in the view of sensitive information) of the different steps in Total Corbion PLA's production chain for PLA and related environmental impacts, contributing to improve transparency on the communication of environmental impacts of biobased chemicals.
The main impacts of PLA production are related to the agricultural feedstock production and to the manufacturing process of PLA from sugar. The sugarcane crop production has large impacts on most of the environmental impact categories analyzed including GWP, water, eutrophication, acidification and particulate matter and, inevitably, land use.
The results of the current study confirm the Groot and Borén [8] study, to the extent that a comparison can be made.
When using biomass to produce PLA and biobased materials, typical concerns are related to land use, including deforestation (land use change) and biodiversity. The 2017 sustainability risk assessment for Corbion's main sugar supplier did not identify significant land transformation to sugar plantations in high carbon stock or high conservation value protected areas. Similarly, the water risk assessment results show low risk for the sourcing areas, where most of the water consumption takes place.
There is significant potential to further reduce the environmental impacts of PLA production. The most significant improvement measures are: (1) increase the sugarcane yield by improved agricultural practices, (2) reduce NO x and SO x emissions by optimized fertilizer application and (3) increase the electricity exported to the grid by increasing the energy efficiency of the sugar mill and by installing high pressure boilers, (4) increase the use of renewable energy in lactic acid, lactide and PLA production, (5) reduce the use of chemicals in lactic acid production. Combined, these measures have the potential to reduce the CO 2 footprint from 501 to − 909 kg CO 2 eq/ton PLA, and further reduce the environmental footprint of PLA. 
